Bioactive N-acylethanolamines including the endocannabinoid anandamide are known to be hydrolyzed to fatty acids and ethanolamine by fatty acid amide hydrolase (FAAH). In addition, we recently cloned an isozyme termed ''N-acylethanolamine-hydrolyzing acid amidase (NAAA)'', which is active only at acidic pH [Tsuboi, Sun, Okamoto, Araki, Tonai, Ueda, J. Biol. Chem. 285 (2005) 11082 -11092]. However, physiological roles of NAAA remained unclear. Here, we examined a possible contribution of NAAA to the degradation of various Nacylethanolamines in macrophage cells. NAAA mRNA as well as FAAH mRNA was detected in several macrophage-like cells, including RAW264.7, and mouse peritoneal macrophages. The homogenates of RAW264.7 cells showed both the NAAA and FAAH activities which were confirmed with the aid of their respective specific inhibitors, N-cyclohexanecarbonylpentadecylamine (CCP) and URB597. As analyzed with intact cells, RAW264.7 cells and peritoneal macrophages degraded anandamide, N-palmitoylethanolamine, N-oleoylethanolamine, and Nstearoylethanolamine. Pretreatment of the cells with CCP or URB597 partially inhibited the degradation, and a combination of the two compounds caused more profound inhibition. In contrast, the anandamide hydrolysis in mouse brain appeared to be principally attributable to FAAH despite the expression of NAAA in the brain. These results suggested that NAAA and FAAH cooperatively degraded various N-acylethanolamines in macrophages. D
Introduction
N-Acylethanolamines are ethanolamides of long-chain fatty acids that exist ubiquitously in animal tissues [1 -4] . This class of lipids has been noted because of their biological activities. In particular, anandamide (N-arachidonoylethanolamine) was identified as an endogenous ligand of cannabinoid receptor CB1 [5] , which actually shows a series of cannabimimetic activities [6] . Anandamide was also reported to be an agonist of the transient receptor potential vanilloid type 1 [7] . NPalmitoylethanolamine is inactive with cannabinoid receptors, but is known as an anti-inflammatory and analgesic substance [8] [9] [10] . Recently, it was shown that the anti-inflammatory action of this compound could be mediated by the activation of peroxisome proliferator-activated receptor-a (PPAR-a) [11] . Furthermore, N-oleoylethanolamine has an anorexic effect via PPAR-a [12, 13] , and N-stearoylethanolamine is pro-apoptotic [14] and anorexic [15] . It has also been noted that these Nacylethanolamines increase markedly in degenerating tissues and cells [16 -19] . N-Acylethanolamines are formed from their corresponding N-acyl-phosphatidylethanolamines by a phospholipase D-type enzyme. Our recent cDNA cloning demonstrated that this enzyme is a novel phospholipase D specific for N-acyl-phosphatidylethanolamines, strongly suggesting the physiological significance of N-acylethanolamines [20] .
N-Acylethanolamines including anandamide are inactivated principally by enzymatic hydrolysis to free fatty acids and ethanolamine [21 -25] . Fatty acid amide hydrolase (FAAH) was discovered as the first enzyme responsible for this reaction in animal tissues [21 -25] . FAAH is a membrane-bound serine hydrolase, and is characterized by the optimal pH value at 8.5 -10. The enzyme has been suggested to play the central role in the N-acylethanolamine degradation because of its high activity and wide distribution in animal tissues [21 -23] . Recent studies with FAAH-deficient mice revealed that their brain levels of anandamide, N-palmitoylethanolamine, and N-oleoylethanolamine were much higher than those in wild-type mice, supporting the physiological importance of FAAH [26, 27] .
In addition to FAAH, we found a second N-acylethanolamine hydrolase, first in human megakaryoblastic cells [28] and later in various rat tissues including lung, spleen, and macrophages [29] . This enzyme, termed as ''N-acylethanolamine-hydrolyzing acid amidase (NAAA)'', was active only at acidic pH and was catalytically distinct from FAAH [30] . Very recently, we cloned cDNA for NAAA from human, mouse, and rat and expressed a functionally active recombinant NAAA in mammalian cells [31] . As compared at amino acid levels, NAAA showed no sequence homology with FAAH, but a 33 -34% homology with acid ceramidase. The recombinant enzyme hydrolyzed various N-acylethanolamines with the highest reactivity with N-palmitoylethanolamine as reported with rat lung NAAA [31] .
Anandamide and other N-acylethanolamines have been isolated from macrophages [32 -38] . Macrophage-derived anandamide was suggested to be implicated in endotoxininduced hypotension [36] , and N-palmitoylethanolamine was shown to inhibit the generation of nitric oxide in macrophages [39] . Although the expression of FAAH in macrophages was previously reported [38, 40, 41] , the endogenous anandamide level in the peritoneal macrophages of FAAH-deficient mice was only 2-to 2.5-fold higher than that of wild-type mice [38] . On the other hand, we found a high NAAA activity in rat peritoneal and alveolar macrophages with N-palmitoylethanolamine as a substrate [29, 42] . Therefore, it was of interest to examine how NAAA and FAAH share in the degradation of Nacylethanolamines in macrophages. In the present study, we investigated expression levels of NAAA as well as FAAH in various types of macrophage-like cells by RT-PCR, and then the capability of FAAH and NAAA to degrade exogenously added N-acylethanolamines in macrophages. To distinguish the NAAA activity from the FAAH activity, we successfully used URB597 [43, 44] and cyclohexanecarbonylpentadecylamine (CCP) [42] as selective inhibitors of FAAH and NAAA, respectively. Our results suggest significant contribution of NAAA to the degradation of various N-acylethanolamines in macrophages. C-labeled fatty acids and ethanolamine as described previously [45] . CCP was synthesized as described previously [42] .
Materials and methods

Materials
Cell culture
RAW264.7, P388-D1, U937, and THP-1 cells were cultured in RPMI medium 1640 supplemented with 10% heat-inactivated fetal calf serum, penicillin (100 units/ml), and streptomycin (100 Ag/ml) in an incubator controlled at 37 -C and 5% CO 2 . J774.1 cells were cultured in Ham's F-12 medium with 10% heat-inactivated fetal calf serum, penicillin (100 units/ml), and streptomycin (100 Ag/ml).
RT-PCR
Total RNA was isolated with Trizol reagent from various macrophage cells of mouse and human and organs of mouse (C57BL/6, Japan SLC, Hamamatsu, Japan). cDNAs were then synthesized by the use of Moloney murine leukemia virus-reverse transcriptase and random hexamer, and were subjected to PCR amplification. Primers used were as follows: for mouse NAAA, 5V -ATTCTGCACCAGTATTGTGGCCCAAGACTC-3V(sense) and 5V -TCCATTCAGAGGGTCAAGAGGCCAAATGTC-3V (antisense); for human NAAA, 5V -AAGACTCCAGAGGCCACATTTACCATGGTC-3V (sense) and 5V -CATCAGCAATAAGGGGAGTCTTGGCCAACT-3V(antisense); for mouse and human FAAH, 5V -GCCTGGGAAGTGAACAAAGGGACC-3V(sense) and 5V -CTTCAGGCCACTCTTGCTGAGGCG-3V(antisense); for mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5V -TGAAGGTCGGTGTGAA-CGGATTTGGC-3V (sense) and 5V -CATGTAGGCCATGAGGTCCACCAC-3V (antisense); for human GAPDH, 5V -AAGGTCGGAGTCAACGGATTTGG-3V (sense) and 5V -ACGAACATGGGGGCATCAGC-3V (antisense). PCR conditions used were as follows: for NAAA, denaturation at 94 -C for 30 s, annealing at 64 -C for 30 s, and extension at 72 -C for 48 s (26 cycles); for FAAH, denaturation at 94 -C for 48 s, annealing at 62 -C for 48 s, and extension at 72 -C for 48 s (30 cycles); for GAPDH, denaturation at 95 -C for 30 s, annealing at 58 -C for 15 s, and extension at 72 -C for 30 s (27 cycles). PCR products, which were confirmed to be in the logarithmic phases, were electrophoresed on 1.2 -1.8% agarose gels and stained with ethidium bromide.
Preparation of enzymes
Male Wistar rats (250 -500 g weight, Charles River Japan) and male C57BL/6 mice (22 -27 g weight, Japan SLC) were deeply anesthetized by diethyl ether and sacrificed by cervical dislocation or decapitation. The lung and liver of rats were removed and homogenized in 9 times the volume (v/w) of ice-cold 20 mM Tris -HCl (pH 7.4) containing 0.32 M sucrose with a Polytron homogenizer. The homogenates were centrifuged at 800Âg for 15 min. In the case of the lung homogenate, the supernatant was then centrifuged at 12,000Âg for 30 min. The 12,000Âg pellet was suspended in phosphate-buffered saline (PBS) (pH 7.4) and subjected to two cycles of freezing and thawing. The sample was then centrifuged at 105,000Âg for 50 min, and the resultant supernatant was used for the NAAA assay. As for the liver homogenates, the 800Âg supernatant was centrifuged at 105,000Âg for 55 min, and the pellet was suspended in 50 mM Tris -HCl (pH 7.4) containing 1% (w/v) Triton X-100. The supernatant obtained by further centrifugation at 105,000Âg for 50 min was used for FAAH assay. Protein concentration was determined by the method of Bradford [46] with bovine serum albumin as standard.
Enzyme assay
The samples were allowed to react at 37 -C for 30 min with 100 AM N-[ 14 C]acylethanolamine (10,000 cpm, dissolved in 5 Al of dimethyl sulfoxide (DMSO)) in 100 Al of 50 mM citrate-sodium phosphate (pH 5.0) containing 0.1% Triton X-100 and 3 mM DTT (for NAAA assay) or in 100 Al of 50 mM Tris -HCl (pH 9.0) (for FAAH assay). CCP or URB597 dissolved in 5 Al of DMSO/ethanol (9:1) was also included when indicated. The reaction was terminated by addition of 0.35 ml of a mixture of diethyl ether/methanol/1 M citric acid (30:4:1, v/v) containing 5 mM 3(2)-t-butyl-4-hydroxyanisole (BHA). The ether extract (100 Al) was then spotted on a silica gel thin-layer plate (10 cm height) and subjected to TLC with a mixture of chloroform/methanol/28% ammonium hydroxide (80:20:2, v/v) for 25 min at 4 -C. Radioactivity on the plate was scanned with a BAS1500 bioimaging analyzer (Fujix, Tokyo, Japan). Assays were performed in triplicate.
As for the assays with intact cells, the cells (5 Â 10 6 ) were suspended in 0.2 ml of RPMI medium 1640 ( were cultured in the presence of 100 AM CCP, 1 AM URB597, or vehicle alone for 2 h. At 30 min, lipopolysaccharide (10 ng/ ml) was also added. The cells were then collected, and total lipids were extracted from the cell pellet with chloroform/methanol (2:1, v/v) twice. NHeptadecanoylethanolamine (25 pmol) was added as an internal standard. Purification by TLC, derivatization with 1-anthroyl cyanide, and HPLC analysis of N-palmitoylethanolamine were performed according to the method of Sugiura and others [47] . Reverse-phase HPLC was performed by the use of a TSK gel column (type ODS-120T, 5 Am, 4.6 Â 250 mm, Tosoh, Tokyo, Japan) equipped with a Waters 600E System Controller and a Tosoh FS-8000 fluorescence detector (excitation at 370 nm; emission at 470 nm).
Measurement of endogenous N-palmitoylethanolamine
Results
We first examined the expression levels of mRNAs for FAAH and NAAA in various macrophage-like cells of mouse (RAW264.7, J774.1, and P388-D1) and human (U937 and THP-1). As analyzed by RT-PCR (Fig. 1) , these cell lines except J774.1 were found to express NAAA mRNA as well as FAAH mRNA. In J774.1 cells FAAH mRNA was hardly detectable, and NAAA level was lower than those in other cells. Resident macrophages from the peritoneal cavity of mice also revealed mRNAs for both the enzymes.
We were next interested in finding how NAAA and FAAH shared the N-acylethanolamine-hydrolyzing activity in these cells. In order to distinguish the NAAA activity from the FAAH activity, specific inhibitors of each enzyme should be useful tools. We recently reported that CCP was an inhibitor of NAAA with an IC 50 of 4.5 AM but did not inhibit FAAH at concentrations up to 100 AM [42] . In contrast, URB597, which was reported to be a potent inhibitor of FAAH [43] , did not inhibit NAAA at concentrations at least up to 10 AM (Fig. 2) . Under our assay conditions, URB597 dose-dependently inhibited FAAH with an IC 50 of 0.07 AM and almost completely inhibited the activity at 1 AM. Therefore, we used CCP and URB597 as a specific NAAA inhibitor and a specific FAAH inhibitor, respectively, in the following enzyme assays.
The anandamide-hydrolyzing activity was first examined in a cell-free system with the homogenates of RAW264.7 cells as a representative macrophage-like cell line. We earlier found that NAAA can be solubilized from the particulate fraction by freezing and thawing while FAAH is not solubilized by the same procedure [28] . Therefore, the homogenates of RAW264.7 cells were subjected to freezing and thawing, and soluble proteins in the homogenates were separated from membrane-bound proteins by centrifugation at 105,000Âg. As shown in Fig. 3 , when both the soluble proteins and the membrane-bound proteins were allowed to react with anandamide at pH 5 (the optimal pH of NAAA) or pH 9 (the optimal pH of FAAH), the highest anandamide-hydrolyzing activity was observed with the soluble proteins at pH 5 (specific enzyme activity, 0.20 nmol/min per mg of protein). CCP, but not URB597, inhibited most of this enzyme activity. In addition, a lower activity of the anandamide hydrolysis was detected with the membrane-bound proteins at pH 9, which was inhibited by URB597, but not by CCP. These results suggested that both NAAA and FAAH of RAW264.7 cells actually functioned as anandamide hydrolases in this cell-free system. Other long-chain N-acylethanolamines were also hydrolyzed by the soluble proteins at pH 5 and by the membrane-bound proteins at pH 9. The relative activity with anandamide, N-palmitoylethanolamine, N-oleoylethanolamine, and N-stearoylethanolamine at 100 AM were 100%, 107%, 88%, and 21%, respectively, at pH 5; and 100%, 117%, 54%, and 7%, respectively, at pH 9.
We then examined respective contribution of NAAA and FAAH to the degradation of exogenous N-acylethanolamines in the intact RAW264.7 cells. When the cells were incubated with [
14 C]anandamide, the production of 14 C-labelled polar lipids and non-polar lipids was observed on a thin-layer chromatogram (Fig. 4A) . These radioactive bands were decreased by 82% when the cells were preincubated with CCP (Fig. 4B) . URB597 inhibited the reaction weakly (by 19%), and a combination of both the inhibitors caused 88% inhibition. These results suggested that anandamide was hydrolyzed by NAAA and, to a lesser extent, by FAAH in intact RAW264.7 cells, and the produced arachidonic acid appeared to be incorporated to polar lipids and non-polar lipids. Similar assays were also performed with N-palmitoylethanolamine (Fig. 4C) , N-oleoylethanolamine (Fig. 4D) , and N-stearoylethanolamine (Fig. 4E) . CCP and URB597 partially inhibited these reactions, and a combination of both the inhibitors caused more potent inhibition, suggesting the involvement of the two enzymes in the degradation of various N-acylethanolamines. Likewise, the degradation of anandamide in intact cells of U937 and THP-1 was partially inhibited by CCP and URB597, respectively (data not shown).
Furthermore, intact cells of mouse peritoneal macrophages also degraded anandamide, N-palmitoylethanolamine, Noleoylethanolamine, and N-stearoylethanolamine, and the partial inhibition by CCP and URB597 suggested the involvement of both the enzymes in the degradation of these Nacylethanolamines (Fig. 5) . When anandamide, but not other N-acylethanolamines, was used as a substrate, several radioactive polar products were observed (data not shown). These compounds were presumed to be formed from anandamide by lipoxygenase since we observed inhibition of the formation of the products by NDGA, a lipoxygenase inhibitor. In accordance with this finding, mouse macrophages were reported to express 12-lipoxygenase [48] . Therefore, the assay with anandamide was performed in the presence of NDGA (Fig. 5A) .
The endogenous level of anandamide in RAW264.7 cells was reported to be enhanced by lipopolysaccharide [38] . With this experimental model, we examined the effects of the inhibitors on endogenous level of N-palmitoylethanolamine. When 1-anthroyl derivative of N-palmitoylethanolamine was analyzed by HPLC equipped with a fluorescence detector, the endogenous level was estimated to be 5.8 T 0.7 pmol/5 Â 10 7 cells, and the treatment of the cells with 100 AM CCP or 1 AM URB597 increased the level by 3.2 T 0.1 fold and 1.4 T 0.1 fold, Fig. 3 . Detection of NAAA and FAAH activities in RAW264.7 cells. The homogenates of RAW264.7 cells were prepared by sonic disruption for 3 Â 3 s, and were subjected to freezing and thawing, followed by centrifugation at 105,000Âg for 50 min. The supernatant (soluble proteins, 100 Ag protein) and the pellet (membranebound proteins, 150 Ag protein) were allowed to react with 100 AM [ 14 C]anandamide in 50 mM citrate-sodium phosphate (pH 5.0) containing 0.1% Triton X-100 and 3 mM DTT or in 50 mM Tris -HCl (pH 9.0). URB597 at 1 AM or CCP at 100 AM was also included as indicated. The activity of the supernatant at pH 5.0 in the absence of inhibitors (0.20 nmol/min per mg of protein) was expressed as 100%, and relative activities were shown. Means T S.D. are shown (n = 3). respectively. The results suggested that endogenous levels of N-acylethanolamines are also regulated by NAAA and FAAH.
In addition to macrophages, we examined the expression levels of NAAA and FAAH mRNAs in various organs of mice by RT-PCR (Fig. 6) . The results showed wide tissue distribution of NAAA mRNA as well as FAAH mRNA. Higher expression levels of NAAA mRNA were observed in lung, brain (cerebrum and cerebellum), and kidney, while the level was very low in liver, and below detection limit in skeletal muscle. On the other hand, FAAH level was the highest in liver, followed by brain and several other organs. The distribution of FAAH mRNA was consistent with the previous report that among various mouse organs the anandamide-hydrolyzing activity was the highest in liver, followed by brain [49] . Since the brain showed relatively high level of NAAA mRNA, we were interested in a possible contribution of NAAA to the anandamide-hydrolyzing activity in the brain. For comparison, we also examined the liver which expressed the highest level of FAAH but a very low level of NAAA. As shown in Fig. 7 , in both mouse liver and brain the activity of the membrane fractions at pH 9 was much higher than that of the soluble fractions at pH 5. Furthermore, the activity at pH 9 was almost completely inhibited by URB597, but not by CCP. Thus, in the brain, the anandamide-hydrolyzing activity appeared to be mostly attributable to FAAH. However, a very low but detectable activity was also observed with the soluble fractions of brain at pH 5 and the activity was sensitive to CCP. The sensitivity to CCP was also confirmed with NAAA partially purified from mouse brain (data not shown). Although the heart showed a relatively high level of NAAA mRNA with a very low level of FAAH mRNA (Fig. 6) , both the NAAA and FAAH activities were below detection limit with this organ (data not shown).
Discussion
Our initial studies suggested the presence of a second Nacylethanolamine hydrolase (referred to as NAAA in the present study) in animal tissues, which was catalytically distinguishable from the well-known FAAH [28 -30] . Recently, we successfully cloned cDNA of NAAA from human, rat, and mouse, and the deduced amino acid sequences clarified that NAAA has no homology with FAAH but a 33-34% homology at amino acid level with lysosomal acid ceramidase [31] . Our morphological study with green fluorescent protein -NAAA fusion protein suggested that NAAA also localizes in lysosomes [31] . The localization in lysosomes was in agreement with its optimal pH at 4.5. Although wide distribution of NAAA in rat tissues suggested its physiological role [29, 31] , it remained unclear whether this enzyme was actually responsible for the N-acylethanolamine degradation in vivo.
FAAH has been studied extensively, including development of specific inhibitors and analyses of FAAH-deficient mice, and its central role in the degradation of anandamide and other N-acylethanolamines is generally accepted [21 -25] . However, most studies have been performed without considering a possible coexistence of NAAA in tissues or cells, and the observed N-acylethanolamine-hydrolyzing activities were attributed exclusively to FAAH. We should note that the NAAA activity is detectable only at acidic pH while most enzyme assays have been performed at neutral or alkaline pH which is suitable to detect FAAH activity. On the other hand, we reported a high NAAA activity in rat macrophages [29] , and recently we showed that the NAAA inhibitor CCP inhibited most of the N-palmitoylethanolamine-hydrolyzing activity in intact rat alveolar macrophages [42] . These results suggested a possible participation of NAAA in the degradation of Nacylethanolamines in living macrophage cells. However, we have not examined the ability of macrophage NAAA to degrade other N-acylethanolamines including anandamide. Moreover, we did not fully consider the involvement of FAAH although the expression of FAAH in macrophages has been reported by others [38, 40, 41] . Therefore, in the present studies Fig. 5 . Inhibitory effects of CCP and URB597 on the N-acylethanolaminehydrolyzing activity in intact peritoneal macrophages. Resident macrophages were obtained from the peritoneal cavity of male mice (C57BL/6, Japan SLC) by intraperitoneal injection of 5 ml of PBS twice. The cells (5 Â 10 6 ) were suspended in 0.2 ml of PBS (pH 7.4), and preincubated at 37 -C for 30 min in the presence of 1 AM URB597, 100 AM CCP, or both or in their absence. In A, NDGA at 10 AM was also included as a lipoxygenase inhibitor. The cells were then allowed to react with 25 AM (5000 cpm) of [ we examined whether or not NAAA and FAAH cooperatively degraded various N-acylethanolamines in macrophages. For this purpose, we used several established macrophage-like cells and mouse peritoneal macrophages.
The expression of FAAH in rat circulating macrophages [41] and macrophage-like cells such as U937 [40] and RAW264.7 [38] was previously shown at mRNA level by RT-PCR and at protein level by ELISA. The anandamidehydrolyzing activity at pH 7.6-9.0 was also reported with U937 [40] and RAW264.7 [38] cells. Furthermore, the anandamide-hydrolyzing activity of U937 cells was almost completely abolished by PMSF, a FAAH inhibitor [40] . In agreement with these reports, we also detected FAAH mRNA in mouse peritoneal macrophages and macrophage-like cells (RAW264.7, P388-D1, U937, and THP-1) (Fig. 1) . In addition to FAAH, peritoneal macrophages and these cell lines were found to express NAAA (Fig. 1) . Previously, we exhibited that the NAAA activity in cell-free preparations could be distinguishable from the FAAH activity based on different pH dependency and different subcellular distribution [28, 31] . At pH 9, FAAH showed the highest activity while NAAA was almost inactive. In contrast, at pH 5, NAAA showed almost full activity while FAAH was much less active. As to subcellular distribution, NAAA was easily solubilized from the particulate fractions by freezing and thawing, while FAAH remained tightly bound to the membrane [28] . Thus, the N-acylethanolamine-hydrolyzing activity at pH 5 with the soluble fractions was presumed to be derived mostly from NAAA, and that at pH 9 with the membrane fractions mostly from FAAH. In the present study, the appropriateness of this assumption was confirmed by the use of CCP and URB597 as a specific NAAA inhibitor and a specific FAAH inhibitor, respectively. By this method, we could detect the NAAA activity and to a lesser extent the FAAH activity in the homogenates of RAW264.7 cells (Fig. 3) .
Among a vast number of FAAH inhibitors so far developed [21 -24] , URB597 appeared to be one of the most potent inhibitors. The compound inhibited FAAH in rat brain membrane preparations [44] and intact cortical neurons [43] with IC 50 values of 4.6 nM and 0.50 nM, respectively. Interestingly, URB597 exerted an anxiolytic effect in rat [43] . We showed that URB597 dose-dependently inhibited rat liver FAAH with an IC 50 of 0.07 AM while it did not inhibit rat lung NAAA at concentrations at least up to 10 AM (Fig. 2) . Very recently, Fegley et al. also reported that URB597 at 1 AM did not affect N-palmitoylethanolamine-preferring acid amidase activity of rat duodenum [50] . On the other hand, we recently found that CCP dose-dependently inhibited NAAA with an IC 50 of 4.5 AM without inhibiting FAAH at concentrations up to 100 AM [42] . Furthermore, CCP inhibited recombinant NAAA [31] , but not recombinant FAAH (unpublished observation) in intact HEK293 cells overexpressing each enzyme.
We showed that RAW264.7 cells and resident macrophages of mouse peritoneal cavity have ability to degrade anandamide, N-palmitoylethanolamine, N-oleoylethanolamine, and N-stearoylethanolamine when intact cells were incubated with these substrates exogenously added (Figs. 4 and 5) . The degradation rates of anandamide, N-palmitoylethanolamine, and N-oleoylethanolamine were similar to each other, but that of N-stearoylethanolamine was much lower. FAAH was previously reported to be the most active with anandamide among various N-acylethanolamines [21] , while NAAA was the most active with N-palmitoylethanolamine [29, 31] . However, the preference for anandamide or Npalmitoylethanolamine was not observed with FAAH and NAAA isolated from RAW264.7 cells. Further studies will be required to clarify the reason why substrate specificity of the crude enzymes from RAW264.7 cells\ is different from those of pure enzymes previously reported. Moreover, the mechanism and rate of cellular uptake appeared to differ among various N-acylethanolamines [51, 52] . Thus, it seems that the degradation rate of each N-acylethanolamine in intact cells cannot be explained simply by substrate specificity of pure enzymes and is determined by multiple factors.
Both CCP and URB597 partially inhibited the degradation of N-acylethanolamines in intact RAW264.7 cells and mouse peritoneal macrophages, and a combination of the two inhibitors caused more profound inhibition (Figs. 4 and 5) . These results suggested that NAAA and FAAH cooperatively degraded N-acylethanolamines in macrophages. This finding might partly explain the previous finding that the level of anandamide in peritoneal macrophages of FAAH-deficient mice was only 2-to 2.5-fold higher than that in wild-type mice [38] . However, we could not rule out the possibility that enzymes other than NAAA and FAAH are also responsible for the degradation. In fact, anandamide, but not other Nacylethanolamines, was converted to polar compounds in peritoneal macrophages probably by lipoxygenase (data not shown), as reported previously with human platelets and polymorphonuclear leukocytes [53] . Since we have reported that acid ceramidase also showed an N-acylethanolaminehydrolyzing activity at acidic pH [31] , it was likely that not only NAAA but also acid ceramidase contributed to the Nacylethanolamine-hydrolyzing activity at pH 5. We actually detected a low, but measurable activity (0.020 nmol/min per mg of protein) of acid ceramidase in the homogenates of RAW264.7 cells with N-lauroylsphingosine (C12-ceramide) as substrate. In order to distinguish these two enzymes, we utilized their difference in the sensitivity to DTT. Namely, it was reported that DTT dose-dependently stimulated NAAA activity up to 6.9-fold, while DTT hardly increased the Nacylethanolamine-hydrolyzing activity of acid ceramidase [31] . Since DTT at 3 mM actually stimulated the hydrolysis activity of N-palmitoylethanolamine and anandamide by 4.3-to 5.8-fold at pH 5 with the soluble proteins of RAW264.7 cell homogenates, the activity was suggested to be mostly derived from NAAA rather than acid ceramidase.
We examined for the first time the tissue distribution of NAAA mRNA in mice (Fig. 6 ). Although the results were similar to the distribution in rats which we reported recently [31] , some differences were found. In both rats and mice, the highest expression level was seen with lung. In addition, mice showed relatively high expression levels in brain and kidney, but those in rats were low. The wide distribution of NAAA suggested its contribution to the N-acylethanolamine degradation in various mice organs. Since the brain is considered to be the site where anandamide acts as an endocannabinoid, we noted the relatively high expression of NAAA mRNA in mouse brain. However, our enzyme assays suggested that the anandamide-hydrolyzing activity in the brain is mostly attributable to FAAH rather than NAAA. The CCP-sensitive activity was also detected at pH 5 in the brain, but it was considerably lower than the FAAH activity. Further investigation will be necessary for the discrepancy between the relatively high mRNA level and the low activity. Since it is possible that certain brain regions express higher levels of NAAA, morphological studies on the regional distribution of NAAA in the brain may help us to elucidate a role of NAAA in this organ.
The predominant activity of FAAH in the brain was consistent with the previous observation that FAAH-deficient mice possessed greatly augmented endogenous brain levels of anandamide, N-palmitoylethanolamine, and N-oleoylethanolamine relative to wild-type mice [26, 27, 50] . Furthermore, administration of URB597 to rodents resulted in 3-to 6-fold augmented endogenous brain levels of these three Nacylethanolamines [43] . Similar results were reported with brain and spinal cord of mice to which OL-135, another FAAH inhibitor, was administrated [54] . Interestingly, it was reported very recently that URB597 did not affect the endogenous levels of anandamide, N-palmitoylethanolamine, and N-oleoylethanolamine in rat duodenum [50] . In addition, an NAAA-like activity was detected with the duodenum of FAAH-deficient mice. Based on these results, the authors suggested that, contrary to the case with the central nervous system, FAAH does not play the major role in the deactivation of N-acylethanolamine in the small intestine, and referred to a possible involvement of NAAA. Immunohistochemical and in situ hybridization analyses will be required for further studies on the physiological roles of NAAA in various tissues and cells.
In summary, we revealed the coexpression of NAAA and FAAH in resident macrophages and macrophage-like cells, and suggested participation of both the enzymes in the degradation of various bioactive N-acylethanolamines in macrophages. The wide distribution of NAAA in mouse tissues also suggested its physiological roles in other tissues.
